In addition to phytoalexin synthesis, the defense response of intact Citrus limon seedlings against Alternaria alternata involves both constitutive and induced enzyme activities such as chitinases (Ch) and ß-1,3-glucanases (Glu). A. alternata conidial germination was prevented by protein extracts from inoculated lemon seedlings, but also by extracts from mock-inoculated specimens. On the other hand, degradation of mycelia was accomplished only by protein extracts from inoculated seedlings. The presence of six Ch isoenzymes and of four Glu isoenzymes was detected in protein extracts from mock-inoculated seedlings. As a result of fungal inoculation, the isoenzyme pattern of Ch and Glu changed, making possible the detection of a new Ch isoenzyme and of three new Glu. Also, some constitutive Ch and Glu increased their enzyme activity, and those Ch that increased their activy also showed a broadening of their substrate specificity. These changes were prevented by α-amanitin and cycloheximide, suggesting that the presence of new Ch and Glu isoenzymes was due to de novo synthesis of proteins. Results suggest that constitutive Ch and Glu could act as pre-formed defense molecules in Citrus limon preventing A. alternata germination, while those induced after fungal inoculation of lemon seedlings could act along with the former, to produce lysis of fungal mycelia, resulting in a more efficient control of A. alternata development..
INTRODUCTION
Alternaria alternata, which is found in the sooty molds that affect Citrus species (Pérez et al., 1991) triggers a hypersensitive reaction (HR) in lemon seedlings characterized by the induction of phenylalanine ammonia-lyase (Roco et al., 1993) , synthesis of scoparone (Pérez et al., 1994a) , tissue maceration (Pérez et al., 1994b) , and participation of a signaling pathway that includes phosphoinositide metabolism (Ortega and Pérez, 2001 ), calmodulin, G-protein, and protein kinases (Ortega et al., 2002) . HR has been described as one of the most effective defense mechanisms developed by plants against several pathogens where several pathogenesis-related proteins (PR) could participate and where necrosis of the tissue at the site of infection and formation of phytoalexins have been observed (Agrios, 1997) . PR have been extensively studied in several systems (Collinge 1993 , van Loon, 1999 ; those from tobacco and tomato have been classified in seven different families, mainly based on their sharing amino acid sequences, serological relationship, and biological or enzymatic activity (van Loon et al., 1994) . The accumulation of PR was initially observed in the hypersentive reaction of tobacco against infection by tobacco mosaic virus and later in several herbaceous plant species (Bol et al., 1990; Bowles 1990; Woloshuck et al., 1991) . Nevertheless, some constitutive enzymes with activities of some PR have been also described (Mauch et al., 1988a) . Several PR have been identified as ß-1,3-Glucanases, Glu (PR-2) and Chitinases, Ch (PR-3). Their isoelectric points, molecular weight, protein structure, subcellular localisation and function have also been determined (Kauffman et al., 1987; Kombrinck et al., 1987; Legrand et al., 1987) . It has also been shown that some Ch have a lysozyme activity (Majeau et al., 1990) . Kasprzewska recently published a review on plant chitinases (2003) , including their regulation and function. Ch have been mainly described in different herbaceous plant species, although their presence has been also reported in woody plants (Graham and Sticklen, 1994) . The general role of PR has been extensively discussed by van Loon (1997 van Loon ( , 1999 . More specifically, Ch can inhibit fungal growth, a function that has been suggested on the basis of their inhibitory effect on the in vitro growth of pathogenic fungi (Mauch et al., 1988b) . Ch alone (Schlumbaum et al., 1986) or in combination with ß-1,3-Glu (Mauch et al., 1988a, b) can affect fungal growth.
Furthermore, it has been demonstrated that transgenic plants expressing both types of enzymes are more effective in controlling fungal pathogens than those expressing only Ch genes (Cornelissen and Melchers 1993; Kim et al., 2003) . Nevertheless it has been described that the expression of a Ch gene that contains two chitin-binding domains effectively controls fungal development (Fung et al., 2002) Although PR such as Ch and ß-1,3-Glu have been described in several herbaceous plant systems, they have not been studied in the HR developed in Citrus limon (woody) seedlings against A. alternata. Being these enzyme activities are involved in fungal cell wall degradation and in plant resistance against distinct pathogens (Kasprzewska 2003) , it is important to establish whether Ch and/or Glu occur in lemon seedlings, and if so, whether they are related to the control of fungal development during HR. Results will allow us to understand the strategies lemon seedlings use against A. alternata, and how they coordinate and complement for the complete protection of the plant. The knowledge of natural plant defense systems will also allow the elaboration of strategies to improve or to acquire efficient protection mechanisms against phytopathogens.
MATERIALS AND METHODS
All chemicals used were analytical grade and purchased from Sigma and Merck.
Plant Material
Lemon seeds were obtained from ripe fruits collected from selected trees at Huertos de Betania, Mallarauco, Central Chile. They were surface sterilized with 10% sodium hypochloride for 30 min, thoroughly washed with sterile water, heated at 50ºC for 10 min, cooled with sterile water to room temperature, and placed on sterile clean pleated filter paper in complete darkness at 28ºC and 100% humidity. Once radicles reached 6-cm length, the seedlings were transferred to an illuminated chamber (128 W m -2 ) and cultivated for two weeks with a 16/8 photoperiod. These seedlings were used for all experiments.
Fungal source and isolation of conidia
A. alternata was isolated directly from sooty molds infecting Citrus trees on Potato Dextrose Agar (PDA, DIFCO) supplemented with chloramphenicol (250 mg per liter). It was reisolated on PDA several times until pure cultures were obtained (Pérez et al., 1991) . Conidia were produced on solid Mandels medium (Mandels et al., 1974) containing 1 g of Citrus pectin per liter as described (Fanta et al., 1992) . Conidia were obtained by carefully scraping the surface of six-dayold plate cultures as recommended by AOAC (1980) .
Inoculation of lemon seedling with conidia of A. alternata
Lemon seedlings were inoculated as in Quaas et al. (1993) . Experiments were run in duplicates and repeated at least three times. Controls were performed with m o c k -i n o c u l a t e d s e e d l i n g s . L e m o n seedlings were also treated with 2 mg per liter of α-amanitin or with 2 mg per liter of cycloheximide before inoculation with fungal conidia as described (Roco et al., 1993) to determine whether plant response was due to enzyme induction or enzyme activation. To establish their effect on these processes, controls were run using the same concentration of these inhibitors i n t e s t s o f f u n g a l g e r m i n a t i o n a n d development.
Preparation of cell-free extracts and quantitation of enzyme activities
Seedlings taken at different time periods after inoculation with A. alternata (1-120 h) were frozen in liquid nitrogen and powdered in a cold mortar. One ml of 50 mM Na acetate pH 5.0 containing 1 mM phenylmethylsulfonyl fluoride (PMSF) w a s a d d e d p e r g o f f r e s h t i s s u e . Homogenates were centrifuged at 4°C during 20 min at 20,000 x g. Supernatants were analyzed for protein concentration (Bradford 1976 ) and used as the enzyme source after extensive dialysis to eliminate phytoalexins.
ExoCh, chitobiosidase and chitotriosidase activities were assayed as described (Harman et al., 1993) . EndoCh and ß-1,3-Glu were determined as in Pan et al. (1991) and as in Trudel and Asselin (1989) . A known activity of commercial Ch from Serratia marcescens was included in all gels as a standard to establish Ch activity of plant samples. Gels were scanned and a n a l y z e d u s i n g t h e G e l -P e r f e c t 5 . 2 computational system (Bozzo, 1993) . Results are the mean of at least three different experiments run in duplicates. They are expressed as nkat/mg proteins (nmoles of N-acetylglucosamine per second per mg proteins for endoCh activity or nmoles of p-nitrophenol per second per mg proteins for exo-, chitobioa n d c
h i t o t r i o s i d a s e a c t i v i t i e s )
. Spectrophotometric assay of Glu was performed using laminarin as substrate (Tuzun et al., 1989) . Results are the mean of at least three different experiments run in duplicates, and are expressed as nkat/ mg proteins (nmoles of glucose equivalents per second per mg proteins). SD did not exceed 10%.
Effect of cell-free extracts on germination of A. alternata
Extracts from control seedlings (mockinoculated) and from inoculated seedlings, were dialyzed twice against 100x their volume of distilled water and twice against 10 mM sodium acetate pH 5.0 to eliminate small molecules and the phytoalexins formed at the same time period (Roco et al., 1993) . Dialysis membranes retained 12,400 MM proteins. After dialysis, they were extracted for metabolite (scoparone) analysis by TLC (Pérez et al., 1994a) or were lyophilized and resuspended in the same buffer to test the effect on fungal conidia.
Conidia from A. alternata were incubated at 37°C in the presence of the abovementioned extracts (1 x 10 4 conidia per 200 µg of total proteins in a final volume of 150 µL). Aliquots were taken at different time p e r i o d s a n d s e e d e d i n P e t r i d i s h e s containing PDA. Dishes were incubated at 28°C, and germination was visually assessed and compared with controls (fungal conidia incubated in the presence of extracts from control seedlings or in presence of extraction buffer without additions). Positive controls were run using a known activity of commercial Ch from Serratia marcescens (200 µg protein containg 0.03 units/mg).
Effect of cell-free extracts on mycelia of A. alternata
Fungal conidia were cultivated in Petri dishes containing PDA. Once the dishes were completely covered by fungal mycelia, lemon cell-free extracts prepared as above were placed in contact with them as follows: holes 4 mm diameter and 2 mm deep were made in the agar and filled with 200 µg of the total protein from the extracts. Plates were then incubated at 28°C and the appearance of clear zones around these holes was visualized.
RESULTS AND DISCUSSION
Effect of cell-free extracts from lemon seedlings on A. alternata Protein extracts obtained from mockinoculated seedlings (200 µg total protein) were depleted of secondary metabolites through dialysis, reduced in 70% the germination of fungal conidia similar to the control performed with Ch from S. marcescens (Fig. 1a) . The presence of endoCh ( Fig. 2 ) and of Glu (Fig. 3 ) activities was detected in these protein extracts. It therefore appears that constitutive Ch and Glu activities could act as one of the preformed defense proteins due to their effect on fungal germination. Therefore, their effect at initial stages of fungal infection could be important to prevent further development of the invading microorganism. Furthermore, this action on germination can be only attributed to proteins, because small molecules, which could act as pre-infectional compounds, were eliminated through dialysis, as was demonstrated through the absence of the phytoalexin scoparone in dialysed extracts (Fig. 4) , and also by the fact that heated extracts did not prevent fungal germination (Fig. 1a) .
Time course experiments run with intact l e m o n s e e d l i n g s i n o c u l a t e d w i t h A . a l t e r n a t a s h o w e d t h a t e n d o -C h , Chitobiosidase and ExoCh activities began to increase after 60 hours treatment (Fig.  2) , while ß-1,3-Glu activity maximized at 7 2 h o u r s ( F i g . 3 ) . T h e s e e n z y m e s maintained their time zero activity in lemon seedlings treated with α-amanitin or with cycloheximide before fungal inoculation in time course experiments. As these inhibitors did not affect conidia germination or fungal development (data not shown), it may be suggested that the increase in these enzyme activities as a result from fungal infection was due to their "de novo" synthesis. These results agree with the prevention of "de novo" synthesis of PAL and of scoparone described in the HR of lemon seedlings against A. alternata by these inhibitors (Pérez et al., 1994a) .
C o m p l e t e a b o l i s h m e n t o f f u n g a l germination was observed when the same amount of proteins from extracts obtained after 72 hours of inoculation of lemon seedlings were tested on A. alternata conidia (Fig. 1a) . In addition, these latter extracts showed the ability to degrade mycelia of developed A. alternata (Fig.  1b) . To demonstrate that the antifungal activity of the inoculated extracts was only due to the proteins contained therein, heated extracts (100°C during 20 min) from inoculated lemon seedlings were tested on fungal mycelia, where no degradation was observed. Similar results were obtained in treatments with buffer (Fig. 1b) . Therefore Ch and Glu induced in lemon seedlings that develop the HR (Roco et al., 1993) could cooperate with phytoalexins to effectively control fungal germination, preventing further development or spread of the microorganism. Scoparone, the phytoalexin synthesized by lemon seedlings in response to inoculation with A. alternata, inhibits per se fungal growth in vitro (Pérez et al., 1994a ) and appear at the same time periods where the induction of these lemon PR are observed (Pérez et al., 1994b) . Thus, it can be proposed that the induction of Ch and G l u w o u l d r e i n f o r c e t h e e f f e c t o f phytoalexins to prevent fungal infection in this plant system, making the entire defensive response more efficient. These results are opposed to those described in Picea abines where Ch and ß-1,3-Glu, alone or in combination, had no effect on the growth or on the morphology of hyphae from ectomycorrhizal fungi. In this case, the plant attenuates the elicitor signal allowing symbiotic interaction (Saizer et al., 1997), which is not similar to what occurs in lemon seedlings, where the plant must prevent infection by the fungus. In fact, the combination of endoCh and ß-1,3-Glu has long been proven to be very effective in controlling fungal growth, as reported by Mauch et al. (1988b , Kim et al., 2003 .
When the same Ch activity from S. marcescens was tested on fungal mycelia, a degradation was also observed, although its magnitude was smaller than the one produced by extracts from inoculated lemon seedlings (Fig. 1b) , probably due to the fact that it did not contain ß-1,3-Glu activity. The synergism between Ch and Glu has been reported in pea tissues infected with Fusarium solani where protein extracts, which contained high activities of Ch and ß-1,3-Glu, inhibited the growth of most of the tested fungi. In this same system, the combination of the purified enzymes was as effective as the inhibition caused by the corresponding crude protein on fungal growth. These results suggested that Ch and ß-1,3 Glu were the main antifungal proteins in pea tissue because extracts from untreated, immature pods did not inhibit fungal growth (Mauch et al., 1988b) . Therefore a similar situation could be occurring in lemon seedlings accounting for fungal control at the levels of prevention of fungal germination by constitutive Ch and Glu and of mycelia degradation by i n d u c e d i s o e n z y m e s i f d e v e l o p m e n t occurred. This agrees with the evidence that Ch and Glu can help defend plants against fungal infection (Leubner-Metzger and Meins, 1999; Kasprzewska, 2003; Kim et al., 2003) . Nevertheless it cannot be discarded that other antifungal proteins in addition to Ch and Glu could be also present in extracts from inoculated or noninoculated seedlings, for example those that could be altering fungal membrane structure or permeability (Lorito et al. , 1996) .
Changes in Ch and Glu activity pattern in lemon seedlings as a result of fungal inoculation with A. alternata
The analysis of number and substrate specificity of Ch and Glu could contribute to explain the differential behavior between extracts from mock-inoculated and inoculated lemon seedlings. The former contained six endoCh activities, accounting for 70 nkat/mg protein of total basal a Isoelectric focusing and enzyme activity were performed after 96 hours treatment n.d. not detected activity. They differed in their isoelectric point, data that was used to number the different isoenzymes, and in their substrate specificity (Table IA) . While all isoenzymes showed endoCh activity, only Ch1 and Ch2 showed exoCh activity. This multiplicity of Ch is commonly found in plant tissues, where some are involved in physiological processes, while others are related to plant d e f e n s e ( N e u h a u s , 1 9 9 9 ) . M o r e specifically, eleven isoforms of acidic Ch were described in non-embryogenic C. sinensis callus with isoelectric points between 4.62 and 5.4. Some of them showed both Ch and chitosanase activities (Osswald et al., 1993 (Osswald et al., , 1994 . Several Ch are present in Lupinus albus in the absence of infection or stressed conditions, which are constitutively expressed in the intercellular fluids (IF), where IF-3 is a protein with Chlysozyme identity found in leaves, stems, and roots (Regalado and Ricardo, 1996) . Moreover, it has been possible to differentiate between Ch with antifungal activity, such as those present in class I and class IIb from tobacco, from those belonging to class IIa from the same plant species that are not antifungal (Neuhaus, 1999) . Inoculated lemon seedlings showed the six previously-described isoenzymes plus another named Ch7 (Table IB) . Ch3, Ch4, Ch5 and Ch6 did not change their activity nor their substrate specificity as a result of fungal inoculation of lemon seedlings. On the other hand, an increase of endoCh and ExoCh activity for Ch1 and Ch2 was detected as well as the induction of endochitotriosidase and endochitobiosidase activities associated with these same isoenzymes. The induced Ch7 only showed endoCh. Therefore, endoCh activity of Ch1, Ch2 and Ch7 from inoculated seedlings could account for the total endoCh induction d e t e c t e d a t 7 2 h o u r s ( F i g . 2 ) . T h e chitobiosidase and chitotriosidase activities now detected for Ch1 and Ch2, along with the increase in endoCh and ExoCh provided by Ch1 and Ch2 and an extra endoCh from Ch7, could provide a wider spectrum of activities for full degradation of fungal chitin as was observed in Figure 1b . These c h a n g e s i n n u m b e r a n d s u b s t r a t e a Isoelectric focusing and enzyme activity were performed after 72 hours treatment specificities of Ch were not observed in lemon seedlings previously treated with α-amanitin or with cycloheximide, suggesting that they correspond to a de novo response of the plant against A. alternata. Controls showed that these inhibitors did not affect fungal germination and development at the concentrations used, and therefore results cannot be attributed to the lack of effect of A. alternata on lemon seedlings. On the other hand, four constitutive ß-1,3-Glu differing in their pI were found in lemon seedlings. This data was used to number the different isoenzymes (Table  IIA) , which accounted for a total basal activity of 200 pkat/mg protein. The presence of constitutive Glu is very common as they are involved in several physiological processes such as seed germination and pollen development fertilization, etc. (Leubner-Metzger and Meins, 1999) .
The ca 2.5-fold increase in total Glu activity observed at 72 hours as a result of inoculation of intact lemon seedlings with conidia of A. alternata (Fig. 3) could be explained because of the presence of three new basic isoenzymes named Glu5, Glu6 and Glu7, although Glu4 was not visualised during the same time period (Table IIB) . The induced Glu5 accounted for 40% of total ß-1,3-Glu activity. The changes observed in total Glu activity and in the activity pattern after isoelectric focusing were not detected in lemon seedlings treated with α-amanitin or with cycloheximide, again suggesting that they correspond to a de novo response of the plant and not to an activation of pre-existing enzymes. These results agree with those obtained in tobacco where the presence of at least four isoforms of ß-1,3 Glu accounts for the high level of enzymatic activity in tobacco mosaic virusinfected tobacco Samsun NN leaves (Kauffmann 1987) . Furthermore, four endoCh have been purified from this same system during the HR against tobacco mosaic virus (Legrand 1987).
Considering the results from Ch and Glu activities together, we cannot leave out the possibility that the increases in activity associated with constitutive isoenzymes could be due to an increase in stability of the enzymes, as has been reported for other plant systems (Graham and Sticklen, 1994) . On the other hand, the changes produced as the result of fungal inoculation both in the number of Ch and of Glu isoenzymes and in substrate specificity of Ch could account for the additional lytic activity observed on fungal mycelia by protein extracts from i n o c u l a t e d s e e d l i n g s ( F i g . 1 b ) . Nevertheless, the changes observed in lemon seedlings after fungal inoculation cannot be extrapolated to other plant systems, according to reports where several time and species-dependent responses have been described for different species. In fact, no common Ch patterns were observed specifically related to activity, number, or molecular characteristics of the constitutive or induced isoenzymes (Graham and Sticklen, 1994; Collinge et al., 1993) . It therefore appears that every plant species shows a specific pattern of response related to Ch and Glu, making it impossible to derive a generalized common behavior for all species.
Trying to associate a specific Ch and/or Glu isoenzyme to the degradation of fungal mycelia, proteins were placed in contact with grown A. alternata after PAGE s e p a r a t i o n . R e s u l t s s h o w e d t h a t n o d e g r a d a t i o n w a s o b s e r v e d a s b e i n g associated with any of the individual a c t i v i t y b a n d s , w h e t h e r C h o r G l u , suggesting that none of the individual isoenzymes is able to degrade mycelia alone, but rather they show this lytic ability when they are all together. Therefore, we propose a concerted action of all the Ch and Glu isoenzymes detected in inoculated seedlings, without discarding the effect of other proteins associated to antifungal activity (Lorito et al. , 1996) . We may also conclude that protein extracts from lemon seedlings inoculated with A. alternata depleted from small molecules and from phytoalexins formed at the same time periods (Pérez et al., 1994a) completely prevent fungal germination (Fig.1a) and degrade fungal mycelia (Fig.1b) , resulting in a more effective control of A. alternata development.
Finally, knowledge of the multiple mechanisms used by plants to defend themselves from the attack of different microorganisms will allow to us to u n d e r s t a n d t h e c o m p l e x i t y o f t h e mechanisms activated during HR and the development of more strategies to control phytopathogens using one or more of the defense mechanisms used by the plant.
